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A PCR-based approach was developed that provides a powerful tool for 
engineering recombinant molecules without reliance on restriction sites 
DNA sequences were first amplified by high-fidelity PCR using Pfu 
polymerase; they were then used both as 1 megaprimers ' and templates in 
subsequent asymmetric long PCR amplifications to form chimeric clones. To 
demonstrate the technique, we constructed chimeric full- 
length HIV-1 clones derived from 

reverse-transcribed plasma viral RNA and proviral LTRs . Biologic 
characterization of these clones showed that most were infectious in 
tissue culture and sequence analysis demonstrated an error rate of only 
one base change in 20 kb of DNA sequence. For PCR-rnediated recombination, 
it is necessary to know the sequence of the 3 \ and 5* overlapping regions 
of the desired PCR products. This method may be extended to include 
construction of chimeras between any DNA fragments lacking sequence 
homology. Such chimeras may be constructed by introducing overlapping 
sequences to one of the fragments. To ensure that unwanted mutations have 
not been introduced into the clones constructed by this method, each 

clone 

should be sequenced. Our results demonstrate that by using a 
high-fidelity 

polymerase and highly controlled PCR conditions, the PCR-introduced error 
rate can be greatly minimized. This new procedure may be used to 
construct 

infectious chimeras of HIV or SIV for studies of vaccines and 
pathogenesis. Moreover, the method is designed to exchange viral genes at 
precise boundaries to study individual gene products from different HIV 
genomes. It can also be used to construct expression vectors for 
production of specific proteins or delivery vectors for gene transfer and 
gene therapy. Finally, the technique described here provides a versatile 
tool to transfer genes or gene fragments from different sources for 
genetic investigation and engineering. 
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In order to investigate the functions of the three putative lentiviral 
integrase (IN) protein domains on viral DNA specificity and target 
site selection, enzymatically active chimeric enzymes were constructed 
using the three wild-type IN proteins of caprine arthritis-encephalitis 
virus (CAEV), maedi-visna virus (MW) and human immunodeficiency virus 
type 1 (HIV-1) . The chimeric enzymes were expressed in 
Escherichia coli, purified by affinity chromatography and analysed in 
vitro for IN-specific endonuclease and integration activities on various 
DNA substrates. Of the 21 purified chimeric IN proteins constructed, 20 
showed distinct site-specific cleavage activity with at least one 
substrate and six were able to catalyse an efficient integration 
reaction . 

Analysis of the chimeric IN proteins revealed that the central domain 
together with the C terminus determines the activity and substrate 
specificity of the enzyme. The N terminus appears to have no considerable 
influence. Furthermore, an efficient integration activity of CAEV 
wild-type IN was successfully demonstrated after detailed 
characterization 

of the reaction conditions that support optimal enzyme activities of CAEV 

IN. Also, under the same in vitro assay conditions, MW and HIV- 

1 IN proteins exhibited endonuclease and integration activities, 

an indispensable prerequisite of domain-swapping experiments. Thus, the 

following report presents a detailed characterization of the activities 

of 

CAEV IN in vitro as well as the analysis of functional chimeric 
lentiviral 

IN proteins . 
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Human immunodeficiency virus type 1 (HIV-1) is capable 
of infecting nondividing cells such as macrophages because the viral 
preintegration complex is able to actively traverse the limiting nuclear 
pore due to the redundant and possibly overlapping nuclear import signals 
present in Vpr, matrix, and integrase. We have previously 
recognized the presence of at least two distinct and novel nuclear import 
signals residing within Vpr that, unlike matrix and integrase, 
bypass the classical importin alpha/beta-dependent signals and do not 
require energy or a RanGTP gradient. We now report that the 
carboxy-terminal region of Vpr (amino acids 73 to 96) contains a 
bipartite 

nuclear localization signal (NLS) composed of multiple arginine residues. 
Surprisingly, when the leucine-rich Vpr (1-71) fragment, previously shown 
to harbor an NLS, or full-length Vpr is fused to the C terminus of a 

green 

fluorescent protein-pyruvate kinase (GFP-PK) chimera, the 
resultant protein is almost exclusively detected in the cytoplasm. 
However, the addition of leptomycin B (LMB) , a potent inhibitor of 
CRMl-dependent nuclear export, produces a shift from a cytoplasmic 
localization to a nuclear pattern, suggesting that these Vpr fusion 
proteins shuttle into and out of the nucleus. Studies of nuclear import 
with GFP-PK-Vpr fusion proteins in the presence of LMB reveals that both 
of the leucine-rich alpha-helices are required for effective nuclear 
uptake and thus define a unique NLS. Using a modified heterokaryon 
analysis, we have localized the Vpr nuclear export signal to the second 
leucine-rich helix, overlapping a portion of the amino-terminal nuclear 
import signal. These studies thus define HIV-1 Vpr as 
a nucleocytoplasmic shuttling protein. 
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T ? ± S? tif ? the PartS ° f retrovi "l integrase that interact with 

its DNA substrates, we compared the patterns of target site usage by 

chimeric enzymes and protein fragments in assays that reveal 

integrase' s non-specific nuclease activities. The central region 

of 12 chimeric proteins between the human immunodeficiency virus type 1 

and visna virus integrases was found to be responsible for 

selecting non-viral target DNA sites when small alcohols provide the 

attacking nucleophilic OH group during non-specific alcoholysis assays 

Testing deletion derivatives of the integrase protein in this 

assay, which has similarities to the DNA joining reaction that occurs 

during retroviral integration, defined a smaller central domain that is 

sufficient for activity. Thus, this core domain likely contains both the 

host DNA site and the nucleophile site. Surprisingly, the region of 

integrase responsible for selecting non-viral target DNA sites 

when the viral DNA end is the attacking nucleophile could not similarly 

mapped with the standard oligonucleotide joining assay. We therefore 
tested the proteins in a more sensitive assay that displays preferred 
sites of viral DNA insertion in a plasmid DNA target. All 12 
chimeras yielded novel patterns compared with the wild-type 
enzymes in this assay, although local insertion patterns indicated that 
the central domain plays an important role in target site selection. 
Together, these data suggest that other protein regions must be involved 
when the attacking nucleophilic group is provided by viral DNA. Because 
specific recognition of viral DNA ends was previously mapped to the 
central domain, two different regions of integrase must interact 
with retroviral DNA. 
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L! 1 , 0 yf 1 . aPPr0aCh t0 com P lement human immunodeficiency virus type I ( 
HIV-1) xntegrase (IN) -defective virions has 

tHb^M n ^ fied ' ^ ap ?f° ach Evolves fusion of a 23-amino-acid stretch 

^ h tu ^ 5r "! 1 " US ° f Wlld "type IN and coexpression of this chimera 
with the IN-defective proviral template in virus producing Sh The 
23-amino-acid peptide represents a Vpr "interactor, " referred to as the 

a^na X with r th F t™™' ^ le ^s to decking of the VoLln 

along with the fusion partner onto HIV-1 Vpr, thus 

permitting virion incorporation of the chimeric protein when expressed, 

trans, with other viral products. Transfection of the WF-IN expression 
plasmid along with HIV-1 viral clones that produce 

Vpr, but bear an IN mutation, results in the release of a proportion of 
viral particles that are competent for integration. The extent of 
complementation was assessed using the MAGI cell assay, where integration 
of viral DNA results in the eventual appearance of easily visible 
multinucleated blue syncytia. The efficiency of dWF-IN (double copy of WF 
domain) complementation is not improved markedly by incorporation of a 
HIV-1 protease cleavage site (PR) between the dWF domain 
and IN (dWF-PR-IN), unlike that observed with Vpr fusions to IN. 
Furthermore, the ability of Vpr-PR-IN and dWF-PR-IN to complement 
IN-defective proviral clones, both of which bear an intervening protease 
cleavage site, appear comparable. Western blotting analyses using virions 
isolated through sucrose cushions demonstrate clearly the incorporation 

the dWF-IN fusion protein into Vpr containing HIV-1 

particles but not in Vpr-def icient virions. Additional Western blotting 
analyses indicate that all Vpr-IN and dWF-IN chimeras, with or 
without a PR site, are packaged into virions. The efficiency of virion 
incorporation of Vpr-IN and dWF-IN chimeras appears 

approximately comparable by Western blotting analysis. The ability of 
dWF-IN to complement IN-defective proviruses with efficiency similar to 
that of Vpr-PR-IN and dWF-PR-IN indicates that dWF-IN retains the full 
complement of functions necessary for integration of proviral DNA and is 
likely due to the benign nature of this small domain at the 
amino- terminus 
of IN. 

Copyright 1999 Academic Press. 
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AB Human immunodeficiency virus type 1 (HIV-1) and visna 

virus integrases were purified from a bacterial expression 
system and assayed on oligonucleotide substrates derived from each 
^ m " US of human immunodeficiency virus type 1 and visna virus linear 
DNA. Three differences between the proteins were identified, including 
levels of specific 3 - -end processing, patterns of strand transfer, and 
target site preferences. To map domains of integrase (IN) 
responsible for viral DNA specificity and target site selection, we 
constructed and purified chimeric proteins in which the N-terrninal 
central, and C- terminal regions of these lenti viral integrases 
were exchanged. All six chimeric proteins were active for disintegration 
demonstrating that the active site in the central region of each 
chimera maintained a functional conformation. Analysis of 
endonucleolytic processing activity indicated that the N terminus of IN 
does not contribute to viral DNA specificity; this function must reside 



in 



the central region or C terminus of IN. In the viral DNA integration 
assay, chimeric proteins gave novel patterns of strand transfer products 
which did not match that of either wild-type IN. Thus, target site 
selection with a viral DNA terminus as nucleophile could not be mapped to 
regions of IN defined by these boundaries and may involve interactions 
between regions. In contrast, when target site preferences were monitored 
with a new assay in which glycerol stimulates IN-mediated cleavage of 
nonviral DNA, chimeras clearly segregated between the two 
wild-type patterns. Target site selection for this nonspecific 
alcoholysis 

activity mapped to the central region of IN. This report represents the 
first detailed description of functional chimeras between any 
two retroviral integrases. 
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AB We previously described the construction and analysis of the first set 
of 



functional chimeric lentivirus integrases, involving exchange 
LnnVr I central, and C-terminal regions of the human 

immunodeficiency virus type 1 (HIV-1) and visna virus 
mtegrase (IN) proteins. Based on those results, additional 
HIV-l/visna virus chimeric integrases were 

Sas^ol an ^ PUrif ^ ed ^5 aC u ° f the chil ^ ic enzymes was functional in a 
nro^in Jl^onucleotxde-based IN assay. Of a total of 12 chimeric IN 
proteins, 3 exhibit specific viral DNA processing, 9 catalyze insertion 
of viral DNA ends, 12 can reverse that reaction, and 11 are active for 
nonspecific alcoholysis. Functional data obtained with the processing 

lilVi ™i XCatet , hat ^ Central regi ° n ° f the P rotein is responsible fo 
viral DNA specificity. Target site selection for nonspecific alcoholysi 
again mapped to the central domain of IN, confirming our previous data 
indicating that this region can position nonviral DNA for nucleophilic 
attack. However, the chimeric proteins created patterns of viral DNA 
insertion distinct from that of either wild- type IN, suggesting that 
interactions between regions of IN influence target site selection for 
viral DNA integration. The results support a new model for the 
functional 

organization of IN in which viral DNA initially binds nonspeci f ically t 
the C-terminal portion of IN but the catalytic central region of the 
enzyme has a prominent role both in specific recognition of viral DNA 
ends and in positioning the host DNA for viral DNA integration. 
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AB Eleven murine hybridoma clones were selected for their ability to 
produce 

anti-HIV-1 integrase (IN) antibodies. 

Competition and epitope mapping studies allowed segregation of the 
monoclonal antibodies (MAbs) into four distinct classes. The five MAbs 
that comprise the first class showed high affinity for epitopes within 

an 

N-terminal domain of 58 amino acids that includes a conserved zinc 

finger 

motif. The second class, with two MAbs, showed high affinity for 
epitopes 

within 29 amino acids at the C terminus. Another two MAbs, which 
constitute the third class, displayed moderate affinities for epitopes 
that mapped to regions within the highly conserved catalytic core 
referred to as the D,D(35)E domain. One of these MAbs showed significant 
cross-reactivity with HIV- 2 IN and weak, but detectable, 
cross- reactivity 



other 



with RSV IN .The remaining two MAbs, which comprise the fourth class 

exhibited fairly low binding affinities and appeared to recognize 

epitopes in the zinc finger motif domain as well as the "ter^nal half 

of the IN protein. The MAbs can be used for immunoprecJpitat™and 

inununoblotting procedures as well as for purification of HIV 

1 IN protein by affinity chromatography. We show that several can 

also be used to immunostain viral IN sequences in HIV-1 

-infected T cells, presumably as a component of Gag-Pol precursors. 

Finally, analysis of our mapping and competition data suggests a 

structure for mature IN in which the C terminus approaches the central 

core domain, and the N and C termini touch or are proximal to each 

These MAbs should prove useful for further analyses of the structure and 
function of IN both in vitro and in vivo. 
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AB Mixed infections of cucurbits by Cucumber mosaic virus (CMV) and 

potyviruses exhibit a synergistic interaction. Zucchini squash and melon 
plants coinfected by the potyvirus Zucchini yellow mosaic virus (ZYMV) and 
either Fny-CMV (subgroup IA) or LS-CMV (subgroup II) 
displayed strong synergistic pathological responses, eventually 
progressing to vascular wilt and plant death. Accumulation of Fny- or LS- 
CMV RNAs in a mixed infection with ZYMV in zucchini squash was 
slightly higher than infection with CMV strains alone. There was 
an increase in CMV (+) strand RNA levels, but no increase in 
CMV (-) RNA3 levels during mixed infection with ZYMV. Moreover, 
only the level of capsid protein from LS-CMV increased in mixed 
infection. ZYMV accumulated to similar levels in singly and mixed infected 
zucchini squash and melon plants. Coinfection of squash with the potyvirus 
Watermelon mosaic virus (WMV) and CMV strains increased both the 
Fny-CMV RNA levels and the LS-CMV RNA levels. However, 
CMV (-) strand RNA3 levels were increased little or not at all for 
CMV on coinfection with WMV. Infection of CMV strains 

(LS and Fny) containing satellite RNAs (WL47-sat RNA and B5*-sat RNA) 
reduced the accumulation of the helper virus RNA, except when B5*-sat RNA 
was mixed with LS-CMV- However, mixed infection containing ZYMV 
and the CMV strains with satellites reversed the suppression 
effect of satellite RNAs on helper virus accumulation and increased 
satellite RNA accumulation. The synergistic interaction between 
CMV and potyviruses in cucurbits exhibited different features from 
that documented in tobacco, indicating there are differences in the 
mechanisms of potyvirus synergistic phenomena. 



